Schrad.l. The linkage map contains 360 DNA markers distributed oii 19 linkage groups, and covers a genetic distance of 1976 cM with an average distance of 5.8 cM between two markers. A genomic DNA clone representing 1-amino-cyclopropane . 1 .carboxylic acid (ACC . ) synthase gene, involved in ethylene biosynthesis, was also mapped. As in previous mapping studies for watermelon, a large number of AFLP and SRAP markers were skewed away from the 1:1 segregation ratio, and had to be excluded from the final mapping analysis. The stringent mapping criteria (JoinMap 3.0 mapping program) produced linkage groups with marker order consistent with those reported in previous mapping study for watermelon.
needs. Molecular markers are useful in identifying and isolating genes controlling disease resistance, or genes controlling fruit quality (Cobos et al.. 2005; Liebhard et al.. 2003; Mokrani et al., 2002; Soriano et al., 2005) . As in other crop plants, including coffee (Co//ca arabiai L.) (Herrera et al.. 2002) and banana (Musa L.) (Nwakanma et al., 2003) , molecular markers can be useful in identifying and in selecting for triploid hybrid plants of watermelon.
High-density genetic maps are being integrated in breeding programs of many crop plants. They are also useful in positional cloning of genes and in elucidating the genetic mode of complex traits that do not display Mendelian segregation (Lee, 1995) . Cucumis satji 'us L. (cucumber) and Cucumis Iflel() L. (melon) received the greatest attention among cucurbit species with respect to genome mapping (Fazio ci al.. 2003; Silberstein et al., 2003) . Linkage mapping of watermelon genome has been lagging behind the maps constructed for these species. A few linkage maps were constructed for watermelon in recent years. However, these maps are based on isozymes (Navot and Zamir. 1987; Zamir et al.. 1984) or RAPID markers (Hashizume et al.. 1996 (Hashizume et al.. , 2003 Hawkins et al.. 2001; Levi et al.. 2001c Levi et al.. , 2002 . and
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do not cover all regions of watermelon genome. rvlany markers (including SRAP. SSR. and AFLP markers) are still required for constructing it dense map that can be used effectively in watermelon breeding programs. and in isolating genes that control fruit quality or confer resistance to diseases and pests. Most of the watermelon cultivars developed in North America during the last two centuries share a narrow genetic base (Levi et al.. 2001 (Levi et al.. a. 2001 . Due to the low DNA polymorphism among watermelon cultivars, most of the maps constructed so far for watermelon used genetic mapping populations derived from a wide cross between a watermelon cultivar (C. lanatus var. lanalus) and a U.S. plant introduction (P1) of the related subspecies C. lanatus var. citroides (Zhang et al.. 2004) . Hawkins et al. (200!) and Levi et al. (2004b) attempted to construct a linkage map for watermelon using F, or F 3 populations derived from a wide cross between P1 296341 (C. latwitis var. citroides) and the watermelon cultivar New Hampshire Midget (NHM). However, most of the markers in these populations were skewed away from the expected segregation ratio (3: 1) and could not be mapped with high confidence. In an attempt to reduce the number of skewed markers we used a testcross population [(Griffin 14113 x NHM) x P1 386015] where the testcross parent (P1 386015) is distant from both parents of the F 1 plant (Griffin 14113 and NHM) (Levi et al.. 2002) . This testcross population was successfully used in our initial mapping of watermelon using RAPD and ISSR markers (Levi et al., 2002) . Our objective is to extend the initial map using different types of DNA markers, and in a later stage isolate genes controlling disease and pest resistances and genes controlling watermelon fruit qualities. SRAP. AFLP. and SSR markers have been used in constructing maps for various crops (Li ct al.. 2003) . but not for watermelon. It is vital to experiment with these marker types, determine their polymorphism, segregation. and distribution on watermelon genome, and further explore the linkage regions they cover.
This paper reports the construction of an extended genetic linkage map for watermelon using a testcross population [(Griffin 14113 x NHM) x P1 3860151 and examines the efficiency of SRAP. AFLP, and SSR markers vs. ESSR and RAPD markers in constructing the map.
Materials and Methods
PLANT MATERIAL. Parental plants that included Griffin 14113 (provided by R. Jarret, USDA Plant Genetic Resources Conservation Unit. Griffin. Ga.). NHM. their F hybrid plant, and the testeross parent plant (PT 386015) were grown in the greenhouse together with 98 plants of the testcross progeny [(Griffin 14113 X NHM) x P1 3860151. Four weeks after germination young leaves 10 g) were collected from each plant, and stored at -80 "C.
IsoI,kiIoN OF DNA. To avoid co-isolation of polysaccharides, polyphenols, and other secondary compounds that damage DNA, we used an improved procedure for isolation of DNA from young leaves of watermelon (Levi and Thomas, 1999) .
AFLP PROCEDURE. The AFLP procedure developed by Vos et iI. (1995) was modified using a commercially available kit (Plant Mapping Kit -Regular PlantGenome: Applied B iosystcms. Foster City. Calif.). According to the manufacturer's protocol, a highquality genomic DNA sampled 1500 ng intact and with a 260/280 optical density (OD) ratio of 1.81 from each plant was used in the AFLP analysis with EcoRl-MseI. and PstI-Msel restriction en/ y mes and primer combinations ( Table U as . Reactions crc ahIul\ icd on 1 (Y acrvlainidc ccl Using a Perkin kimer A B 1-373 Sequencer Applied Biossteins) as described by Levi et al. (2004a) , or on a capillary system using the CEQ8800 DNA sequencer (Beckman Coulter, Fullerton, Calif.). For visualization of DNA fragments on the CEQ8800 the EcoRl or Psrl selective primers were labeled with one of three WeIIRED dye labels (D2. D3. or D4; Proligo, Boulder, Cob.). as described below for the SRAP analysis. SRAP ANALYSIS. The SRAP procedure is based on PCR amplification of open reading frames (ORFs), using a forward and reverse primers designed to preferentially amplify exon (rich in C and G nucleotides) and intron regions (rich in A and T nucleotides), respectively. The forward primer is a 14 nucleotide sequence rich in C and G, and three selective bases at the 3' end, while the reverse primer is a 15 nucleotide sequence rich in A and T and three selective bases at the 3 end. The variation in exon, intron or promoter region sequences produces the polymorphism (Li and Quiros, 2001) .
Twenty-four SRAPprimer combinations were (Table 2 ) tested with the testcross parents (NHM, Griffin 114113, and P1 396015). For visualization with the CEQ8800 DNA sequencer. the forward primers were labeled with one of three WeIIRED dyes (D2, D3. or D4) (Proligo). To confirm correct dye balance, the amount of dye-labeled primer added to the PCR reaction was optimized for each primer. Each IOjsLPCR reaction contained 1X PCR buffer (Promega, Madison. Wis.). 2.5 mu MgCl2, 200 isi dNTPs (Sigma. St. Louis), 30 ng of reverse primer (IDT, Coraville, Iowa). 0.4 units Taq DNA polymerase (Promega) and 25 no of DNA. In addition. Well RED-dye-labeled forward primers were added in the following optimized amounts: 15 ng for a D4 primer, 30 ng for a D3 primer or 75 ng for a D2 primer. Samples were subjected to the following thermal profile for amplification in a PCR thermocycler (MJ): 5 min of DNA denaturizing at 94 "C, five cycles of three steps: 1 min of denaturing at 94°C, 1 min of of annealing at 35 "C and 2 min of elongation at 72 "C. In the following 30 cycles the annealing temperature was increased to 50 °C, with a final elongation step of 5 minat 72°C (Li and Quiros, 2001 ). The PCR products were analyzed using the CEQ8800 capillary sequencer (Beckman Coulter) by pooling 0.3 iLL of the D4 reaction. 0.3 pt of the D3 reaction. 0.5 IAL of the D2 reaction, 0.28 .iL of Dl size standard, and 30 1.tL of deionized formarnide in a 96-well PCR plate. Samples were run on the CEQ8800 capillary sequencer using the fragment 3 parameters and analyzed using the built-in fragment analysis software provided with the CEQ8800 system. Fragments that ranged in size of 75-400 bp could be scored with high confidence.
SSR ANALYSIS. Microsatellite sequences were isolated from a genomic DNA of the watermelon cultivar Dixielee according to the procedure used by Reddy et al. (2001) for developing cotton SSRs. Following sequencing, primer pairs were designed for these DNA fragments containing SSR motifs (Table 4 ). The primer pairs were first tested with the testcross parents (Griffin 14113, NHM. and P1386015). PCR was performed in 10-p.L reactions containing IX PCR buffer (Promega), 2.5 mu MgCl,, 100 1A M dNTPs (Sigma). 0.25 ssi of each primer pair (Sigma Genosys, Houston). 0.2 units Taq DNA polymerase (Promega), and 25 ng of DNA. The PCR conditions were identical to that of Saal et al. (2001) , and annealing temperatures ranged from 49 to 68 °C (Table I ). The PCR products tested first with the parental lines were separated on a 6% native polyacrylamide gel with ethidium-bromide in the running buffer and visualized on an ultraviolet ( UV) transilluminator (Saal et al., 2001 ) . The SSR iiiarkcrs that \\ crc 3o1\ inorphic hct\\ ccii the parcatal hues sec hiiiLi Table I . The AFLP primer pairs, their designation, and the size of markers that were suitable for mapping experiments with the tcstcross population used forconstructing a linkage map for watermelon (E = EcoRl. M = Msel, P = Pstl). 'Markers that could be ordered on the linkage map.
further analyzed for mapping with the testcross population using the CEQ8800 capillary sequencer. For visualization of fragments on the CEQ8800 DNA sequencer the SSR forward primers were labeled with one of three WeIIRED dye labels (D2, D3, or D4; Proligo), as described above for the SRAP analysis. RAPD AND ISSR PROCEDURES. The RAPD and ISSR marker analyses were performed as described in previous studies (Levi et al., 1993 , 200 Ic. 2002 .
MARKER SCORING. Markers that were unique to one of the parents. Griffin 14113 or NHM, and were present in the F 1 parent, but missing in the testcross parent (P1 386015). could be scored for mapping in the testcross population (Fig. I) . The AFLP markers were scored based on their presence or absence using Genescan/ Genotyper software (Applied Biosystems) for AFLP fragments, or the using the built-in fragment analysis software (provided with the Beckman CEQ8800 system) for SRAP and SSR fragments. 
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Results and Discussion
L'l0h18M AND MAPPING EFFICIENCY OF MARKERS. The different marker types used in this study (RAPD. ISSR. AFLP, SRAP, and SSR markers) complement each other in the assembly of an extend linkage map. In a previous mapping study (Levi et al., 2002) 168 RAPD and 37 ISSR markers were used for mapping analysis. The AFLP, SRAP, and SSR marker data in this study were combined with these of the RAPD and ISSR markers to produce an extended linkage map (Table 5 : Fig. I ). The AFLP. SRAP. or SSR markers were useful in covering linkage regions EGCAG 94c, I 29c, 180. 184c, 215 ', 244c', 252c' EGCTA 79c, 199. 240. 368c EGCJTT 93, 98c, 188c', 252c, 263c', 382c' EGGTC 114c', 117', 120c, 122, 151, 171, 186c, 199c', 223c'. 302c, 301k' EAGTG 118. 213', 269c, 271, 272c', 401k' EAGTC 84c, 86. 259. 272c, 492c' EAGAT 104e', 113c', 121c', 123, 128c, 135c, 138c 165c'. 171c', 172'. 197'. 226, 427c', 455' EGGAG 93c, 117c. I47c', 202', 205c, 226c', 237c Table 2 . SRAP forward primers that were labeled with a DNA sequencing dye (FLP) and the reverse unlabeled primers (RUP) used in different combinations to produce the SRAP markers (in Table 3 ) in watermelon.
GACTGCGTACGAATTGCA that were not readily covered by the RAPD or ISSR markers. and in merging small (RAPD-based) linkage groups (Levi et al., 2002) into larger linkage groups (as shown with linkage groups 1, 11, III, V. Xl. and XV; (MseI-EcoRI) are high] y polymorphic among watermelon cultivars (Levi et al., 2004a) , a relatively small number of these markers (142 of 707 markers: 20.1%) were suitable for the mapping experiment with the testcross population. Nineteen AFLP primer pairs (MseI-EcoRl) were tested against the parents Griffin 14113 and NHM. their F, hybrid, and the testcross parent P1 386015. Each AFLP primer pair produced z 12 to 48 markers (75-450 bp). However, only a few of these markers (2-7) were suitable for the mapping experiment with the testcross population (Table I) . These AFLP markers were uniquely present in one of the donor parents (Griffin 14113 or NHM) and in the F hybrid. but absent in the testcross parent P1 386015. A total of 142 AFLP markers (38 markers unique to Griffin 14113 and 104 markers unique to NHM) were suitable for the mapping analysis using the testcross population (Table 1) . However, 76(54.9%) of these markers were skewed from the expected 1:1 segregation ratio and had to be excluded from the final linkage analysis.. Sixty-six AFLP markers were used in the final linkage analysis. Of these. 58 could be mapped with high confidence on the linkage map (Tables I and 5 ; Fig. I ). Of the 58 AFLP markers that could be mapped. 24 markers were clustered on Ii nkage group XII and eight markers were on linkage group X. The other 26 AFLP markers are mapped on different linkage regions (Table 5 ; Fig. I ). Clustering of AFLP markers was reported in different mapping studies of crop plants as shown with tomato (Lvcopersicon esculentitm Mill.) (Saliba-Colombani et al., 2000) and melon (Cucumis melo L.) genomes (Penn et al.. 2002) .
As compared with the Msel-EcoRI primer pairs, the 21 PstIMseI AFLP primer pairs tested in this study produced a low number (62) of polymorphic markers suitable for the mapping experiment with the testcross population (Table 1) . Of these 62 markers, 42 (67.7%) were skewed from the expected 1: I segregation ratio and had to be excluded from the mapping analysis (Table 1) . Of the 20 markers used in the final mapping analysis, 13 could be mapped with high confidence (Tables I and 5 ; Fig. 1) . Three of the Pstl-Msel markers were clustered on linkage group XIX, while the 10 other markers were mapped on different linkage groups ( Table 5 ; Fig. I ), POLYMORPHISM AND SCREEN IN(; OF SRAP 1RKF:Is. The SRAP markers proved to be efficient and reliable in the mapping analysis in this study. Each of the 69 primer pairs tested (Table 2) produced 12-28 DNA fragments. About 1-7 of these fragments were suitable for the mapping experiment with the testeross population (total of 223 fragments produced by 69 SRAP primer pairs) ( Table 3 ). However. 120 of the 223 markers were skewed from the expected 1: 1 segregation ratio, and had to be excluded from the final mapping analysis (Tables 3 and 5 ). Of the remaining 103 SRAP markers, 93 could be mapped with high confidence in the final mapping analysis (Table 3 and 5: Fig. I ). In contrast with the AFLP markers, most of the S RAP niarkers did not cluster and are distributed on most linkage groups (Table 5 ; Fig. I ).
PoixMoRPHIsI AND SCREENING OF SSR MARKERS. Forty-three SSR primer pairs were tested for polymorphism between the testcross parents. Of these, I 1 primer pairs produced polymorphic markers (total of 20 markers) suitable for the mapping experiment. Two of these markers had distorted segregation. and were excluded from the mapping analysis. Fourteen of the remaining 18 markers, could be ordered on the linkage map (Tables 4  and 5 ; Fig. I ). Four markers (CLG7996-158. CLG8020-357c, CLG8020-337, and ASUW2-165) are on linkage group V. three (ASUWI3-128, ASUWI3-105, CLG7992-1 12) are on linkage group XVII, two (ASWUI9-136, and ASUWI9-121) are on linkage group VIE, and two (CLG82I8-281. CLG82I8-297) are on linkage group IX. Markers Cgb4765-1 86, Cgb4767-179, and CLG7996-160 are on linkage groups II, XIII. and XIV. respectively (Table 5 ; Fig. I ).
MAPPING OF ETHYLENE BIOsYNTIWsIsGENE. Trebitsh et al. (1997) have shown that in cucumber the Female locus (F) is tightly linked to the l-amino-cyclopropane-l-carhoxylic acid (ACC) synthase (CS-ACSJG). a key regulatory enzyme in the ethylene biosynthetic pathway. Genomic DNA clones representing four distinct ACC-synthase genes in watermelon were isolated and sequenced (A. Salman and T. Trebitsh, unpublished data). These clones were designated as Cit-ACS] (1342 bp). Cit-ACS2 (892 hp), Cit-ACS3 (1584 bp), and as Cit-ACS4 (914 bp). Different primer combinations were designed for each of these clones, and were used in PCR amplification experiments with the mapping parents. However, only clone Cir-ACS3 (designated in the map as ACS3-345) could he mapped with high confidence on the linkage map (Table 5 ; Linkage Group XVII; Fig. I ), The forward and reverse primers (5 '-GCTAGAGTTTCGAA ATGTACTAT and 5 '-ACCAATTATTATTAC AATGGTG) produced a 345-hp fragment unique to Griffin 14113, which could be used for map- 'Markers that could be ordered on the linkage map. ping Cit-ACS3. Sex expression is greatly affected by ethylene. However, different studies indicate that it may have a complex role in flowering of watermelon (Sugiyama etal.. 1998; Trehitsh et al.. 1997) . Presently. experiments are being conducted to isolate and map genes controlling ethylene biosynthesis and transduction in watermelon (A. Salman and T. Trebitsh, unpublished data). MARKER SEGREGATION. In contrast with the RAPD, ISSR, and SSR markers, most of the AFLP (EcoRl-Msel; Psrl-M.cel) and SRAP markers tested in this study were skewed away (P < 0.05) from the expected 1:1 ratio among testcross progeny (Table 5 ) and had to be excluded from the mapping analysis. In our recent study with an F mapping population (Pt 296341-FR x NHM) most of the A FLP markers (80%) were skewed from the expected 3:1 ratio (Levi et al.. 2004b) . Similarly. 47.5% and 48.0 1/c of markers(RAPDs) were skewed in F and F ; mapping populations derived from the same parental lines (PT 296341-FR and NHM) (Hawkins et. al.. 2001) . In an initial linkage map constructed for watermelon using a BC population [(P1 296341 X NHNI) X NHM I 25.7% of the RAPID markers were skewed from the expected segregation (Levi et al.. 200 Ic) . In a recent mapping study using recombinant inbred lines (RILs; derived from a cross between P1296341 and the high quality Chinese inbred line 97103) 28% of the mapping markers (RAPDs and ISSRs) were skewed away from the 3:1 segregation ratio (P < 0.05) (Zhang ci al., 2004) . Skewed segregation frequently occurs in populations derived from interspecific crosses and may be a result of differences in L control Ii ng the reproduction processes (Zamir and Tadmor. 1986) , or due to a meiotic drive where a chromosome with unique structural features or genetic properties render selective advantage or disadvantage to its respective gametes or zygotes (Buckler et al., 1999; Cameron and Moav, 1957 Novitski. 1957), as first shown in maize (Zea mavs L.) by Rhodes (1942) . However, the possibility of amplifying bands of the same size which represent different gene loci (non-single copy loci) may also play a role in the skewed segregation of some of these markers, as has been shown in PCR-RAPD analysis for different plant species (Amarger and Mercier, 1995) . The large number of skewed AFLPand S RAPas compared with the RAPID, 1SSR and SSR markers is likely to be due to distinct properties of the genomic regions covered by these marker types. Higher rate of skewed AFLP or RAPID markers versus RFLP markers were found in mapping population of different crops including tomato (Saliba-Colombani et al.. 2000) . rice (Oryza saliva L.) (Clio et al.. 1998) , and melon (Penn et al.. 2002) . In contrast, in barley (Hordewn vu/gore L.) . a larger number of RFLP markers were skewed than AFLP markers (Becker et al., 1995) . Highly skewed markers may contribute to overestimation of recombination frequency and to loose linkages between markers. Conversely, they may cause the merging of two linkage groups (Saliba-Colombani et al.. 2000) . Thus, in this study, the skewed markers had to be excluded from the mapping analysis.
MAP CONSTRUCTION. A total of 653 markers (222 SRAP. 204 AFLP. 168 RAPD, 38 ISSR, and 21 SSR markers) were tested for mapping. Of these, 224 markers were skewed away from the expected 1: I segregation ratio and had to be excluded from the linkage analysis. Four-hundred and twenty-nine markers were tested for linkage analysis. Of these. 36 could be ordered with high confidence on the linkage map (Table 5 ; Fig. 1 ). The map consists of 12 large linkage groups (119.6-373 cM), and small to midsize linkage groups (47.9-91.4 cM) ( RAPID or ISSR markers was slightly altered due to the integra-present map (Fig. 1) were also detected in the study with F2S7 tion of SRAR AFLP, or SSR markers. A change in the order of a RIL-based map constructed by Zhang et al. (2004) . For example few RAPID markers was observed in linkage group XV (linkage markers 835-325. P01-700, and G10-850 on linkage group V. group III in Levi et al, 2002) due to the integration of 6 AFLP and markers 824-1475c and 835-450c on linkage group III ( Fig. and II SRAP markers into this group (Fig. 1) . The marker order 1) are in comparable genetic distances on linkage group I and II on linkage groups in this map is also consistent with marker order (respectively) on the map constructed by Zhang et al (2004) . on linkage groups constructed for the F, population (P1 296341
The stringent linkage analysis criteria used with the JoinMap X NHM) (as shown by Levi et al., 2004b) . A few markers in the analysis (Van Ooijcn and Voorrips. 2001) resulted in a high number of linkage groups (Fig. 1) . These criteria were used to avoid any possible mapping errors, making the map useful in merging experiments with other maps constructed for watermelon (Hashizurne et al., 1996 The total genetic distance of the first map constructed with the present population (141 RAPD and 27 ISSR markers) is 1166.2 with an average genetic distance of 8.1 cM between markers (Levi et a]., 2002) . In this study, the addition of 93 SRAP, 71 AFLP. 11 RAPD. 3 ISSR. and 14 SSR markers increased the total genetic distance of the map to 1976 c with an average genetic distance of 5.8 cM between markers.
CoNcLusioNs. Linkage analysis in watermelon is a challenging task because of low DNA polymorphism among watermelon cultivars, and on the other hand, the skewed segregation for large number of markers in mapping populations derived from crosses between PIs of C. lanatus var. citroides and watermelon cultivars (C. lanatus var. lanatus). The exclusion of a large number of skewed markers indicates that large regions of watermelon genome are still not mapped. Although AFLPs (Msel-EcoRI) produce a high number of polymorphic markers, a relatively small number of these markers was suitable for the mapping analysis. Most of the AFLP markers are ordered on linkage regions different from those discovered by RAPD. ISSR. and SSR markers. Although the large number of skewed SRAP markers, they appeared to be useful in the mapping analysis of watermelon genome. The SSR primers produced a relatively low number of markers useful for mapping. However, like the ISSR markers most of the SSR markers were not skewed from the 1:1 ratio and could be mapped. The large number of skewed AFLP and SRAP markers may reflect the non Mendelian segregation observed for different fruit and seed qualities in F populations derived from crosses between C. lanatus var. citroides accessions and watermelon cultivars (C. lanalus var. lanatus). A few markers in this map are also found in maps constructed for watermelon using an F-, population (Levi et al., 2004b) or a RIL population (Zhang et al.. 2004) . The order of these markers corresponds with those in the other maps (Levi et al.. 2004h) . The map presented in this study can be useful in merging the different maps constructed for watermelon (Hashizume et a].. 2003 : Hawkins et al., 2001 : Zhang et al., 2004 and in mapping of markers linked to disease resistance or to fruit qualities.
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